16b. OFFICE SYMBOL 7a, NAME OF MONITORING ORGANIZATION Sc. ADDRESS (C ,S aaMZVCzde) 7b. ADDRESS jV.yK SI and7JPCade) The outputs of two 500 mW phased arrays were collimated with 5. Acknowledgments an anamorphic lens pair and combined using a polarizing beam-6. References splitter cube, as shown schematically in Fig. 2 . The arrays used consisted of 40 stripes on a 400 pIm emitting length. and their 1. INTRODUCTION radiation pattern was measured to have a half-angle of 36' perRecent publications "2 reporting laser-diode-pumped Nd:YAG pendicular to the junction and 12' parallel to the junction. The laser development indicate that high overall efficiencies can be diodes are mounted on heat sinks provided with Peltier coolers achieved with tightly focused end-pumped geometries. Since for wavelength control. The output spectra of the laser diodes those reports were published, other researchers have attempted
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as measured with an optical multichannel analyzer (OMA) show to obtain even higher efficiency by finding alternative hosts for five to six longitudinal modes operating simultaneously, with a Nd that make better use of the pump diode spectral bandwidth. 3 -4 total bandwidth of about 1.5 nm. Typical spectra are shown in Of the various hosts for diode-pumped Nd lasers, La2Be205 Fig. 3 . With both arrays operating at 500 mW, approximately (BEL) offers several unique advantages. These include a rela-700 mW could be focused onto one face of a I cm long Nd:host tively broad spectral absorption bandwidth and a crystal cut for rod. This face had a dichroic coating that was a high reflector which the rod is athermal. In addition, the crystal growth and (HRI at 1.06 p.m and was specified greater than 85% transmissive polishing technology for this material is relatively mature. The at 808 nm. The face of the Nd crystal interior to the cavity was 810 nm absorption peak of Nd:BEL is close to the Nd:YAG antireflection (AR) coated. The focused spot size from each array absorption band, so in many cases the same diode array pumps consisted of two unequal intensity lobes separated by 50 I m: can be used for both BEL and YAG hosts.
99% of the pump energy was contained in a rectangular area 75 The absorption spectra using unpolarized light for Nd:BEL pm wide by 10 p.m high. The output mirror had a 10 cm radius and Nd:YAG are shown superimposed in Fig. I . It can be seen of curvature and was positioned with respect to the rod to provide that in BEL not only is the Nd absorption broader than in YAG a nearly hemispherical resonator. The concentration of Nd in but it is also stronger in the spectral region of 805 to 820 nm. each host was 1. 1%. the YAG curve contrasts dramatically with the high degree of sensitivity shown by BEL to output reflectivity. A peak output of 250 mW was measured for BEL at 98% reflectivity. The peak be seen that both rods have a 42% slope efficiency, with BEL for YAG was 283 mW at 97% reflectivity. having a higher threshold. The polarization of the laser emission
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The threshold pump power as a function of output coupling was measured for both hosts, and it was found that the YAG was also measured and is plotted in Fig. 6 . At 98% the pump emission was essentially unpolarized, while that of BEL was threshold for BEL was 92 mW, whereas at 97% the threshold linearly polarized. The dependence of the output power on the for YAG was 61 mW. From the dependence of the threshold output coupling was measured for reflectivities between 95%
power on the logarithm of the mirror reflectivity one can derive BEL is a result of using higher quality coatings. The third factor is the pump light to IR conversion efficiency of the laser rod the single pass loss for BEL and YAG (0.002 and 0.012, reand is given for the optimum output coupling for each host. The spectively) and the small signal gain dependence on pump power. 5 lower number for BEL is due to the higher threshold. The latter is related to the slope of the curves in Fig. 6 by The measured efficiencies can be better understood by considering in greater detail the processes affecting the overall efgot ficiency for an end-pumped Nd:YAG laser. A Science Appli-
cations International Corp. (SAIC) report 7 provides a basis for this discussion. Table II compares the SAIC results with our where 2K is the slope, go is the small signal gain, f is the length measurements. of the active medium, and Pin is the pump power to the rod.
In Tabe II the efficiency factors are classified into three The small signal gain for BEL as calculated in this fashion is categories. The diode efficiency refers to the conversion by the one-third that for YAG. 6 The optimum reflectivity for a given laser diode arrays of electrical power into pump radiation; the pump power can also be calculated from these parameters by upper state efficiency takes into account those factors that affect the transfer of pump energy to the upper laser level; and the From an empirical point of view one can factor the overall of 0.6 to 0.8.* The upper end of this range was chosen for the efficiency into the product of three measurable quantities, as o ses of this rn ahosen for the shown in Table I for BEL and YAG. The first factor is the purposes of this table. (Numbers in parentheses in the table electrical to optical pump light conversion efficiency for the laseris imeloetrica Tooptilepumpiht efficiency for the la0arrau sed wr portant to note that the product of the Stokes and quantum efdiode. The efficiencies for the 500 mW arrays used in this work ficiencies is 0.61, which represents the maximum "theoretical" are only 50% of those presently available, and this of course slope efficiency for Nd:YAG.
efficiency is a measure of the conversion of the stored
reduces the overall efficiency by the same percentage. The lower The transfer efficiency is the fraction of pump photons that efficiency for the diodes used to pump BEL reflects the higher are absorbed. It is the product of photon transport from the array junction temperature needed to wavelength tune to the (redto the rod and subsequent absorption by the Nd. We can write shifted) absorption peak. The power consumption of the coolers is not included in the overall efficiency. The collection efficiency PA = PD, • (3) of the optics is a function of the numerical aperture of the lenses and the reflectivity of the AR coating. The higher number for *Unpublished data from L. DeShazer. Spectra Technology (1985) .
[I -exp(-
additional intracavity losses introduced by the polarization rotator (Fig. 5) . The one benefit of the poor conversion efficiency where PA is the power absorbed by the rod. PD is the power was that longitudinal mxe coupling 9 was not observed, and as a emitted by the laser diode array, q, is the transfer efficiency. c consequence good amplitude stability of the second-harmonic is the absorption coefficient of the laser rod at the diode wavelength. f is the path length of the pump radiation in the rod.
output was obtained.
and r summarizes the losses occurring between the pump array 4. DISCUSSION and the Nd:YAG rod (i.e., the collection efficiency). Empirically, it is observed that almost all of the pump radiation entering
The broader absorption bandwidth in BEL does not enhance its the rod is absorbed, so the transfer efficiency term will be deperformance. but this might have been anticipated in an endtermined by the collection efficiency. We used the value 0.63 pumping configuration in which the absorption path length is from Table I for this number, although this does not take into long and the spectral bandwidth of the laser diode arrays is relaccount the reflection of pump radiation by the dichroic coating atively narrow. The difference in threshold pump fluence for the on the end-pumped face of the rod. (We also assumed this two hosts can be understood by considering the factors important reflection loss to be 0 in measuring the threshold power and in for end pumping. Several expressions for these factors appear drawing the abscissa in Fig. 4 .) The product of these three terms in the literature.' 0-13 The expression from Ref. II is gives an upper state efficiency of 0.38 for this work.
The output efficiency is the product of four terms, although P -+ w <I (L + I -R) .(6 the amplified spontaneous emission (ASE) losses will be zero 4af 2 r1l -expI-cif)] for a cw system (i.e.. the ASE efficiency is I). The extraction efficiency will also be high for the cw laser, as shown in the In this equation vp is the pump frequency, wt and w are the table. The beamfill factor is a measure of the spatial overlap of laser beam and pump beam radii, respectively. oT is the 2ain the resonator mode with the inversion profile created by the cross section. f-is the fraction of the total -F; , population in pump beam. For the end-pumped configuration this number is the uppei laser level. -r is the upper state lifetime, and a is the nearl, 1. although the pump geometry used in this work does same as in Eq. (4). not completely match the resonator mode. Instead. a short focal
The beam radii are similar for the two rods. and assuming length lens is used to concentrate the pump energy into a small that f: is also approximately the sarne for YAG and BEL, Eq. (6 volume thal absorbs most of the pump light in the region of indicates that the ratio of the two laser thresholds goes as spatial overlap.
The resonator loss term can be determined from the single L + I -R
I/I
pass loss and output mirror reflecti..ity by the expression (r7 S I + LI -Ri "5) Using the optimum reflectivities and the single pass losses obtained in this work, we can evaluate the ratio. The lifetimes for BEL and YAG are 150 and 230 I±s, respectivelv, and the gain where -qr is the efficiency term due to resonator losses and R is whrecross section6 for BEL is 2.1 x 10-" cm2. Th'e cross section the reflectiv'ity of the output mirror. The SAIC results are based for YAG is less well known: Ref. 5 puts it in the range 2.7 x 10 , on a system presented in Ref. 8 : in the present work we use the to 8.8 X 10 ' ) cm. Our results indicate a value of 3.4 X 10 -0.012 single pass loss determined in the threshold measurements cm 2 (see below). With these values the ratio of pump threshold mentioned above to obtain 0).71 for TI, with R = 0.97. The power is calculated to be 1.3. which is close to the measured product of these four efficiency factors gives an output efficiency value of 1.5. We note that the threshold power can also be of 0.61. calculated using the measured resonator parameters from The product of the upper state efficiency and the output efficiency gives 0.23 for the calculated optical conversion effi-= L -InIRI ciency. Since the optical conversion efficiency takes into account 2K all efficiency factors except the diode efficiency, this number can be compared with the measured value of 0.25 (the product This expression gives 1.5 as the ratio of threshold po\.ers. of the third and fourth columns of Table I 
for Nd:YAG). This
It is important to emphasize that for side pumping or for agreement is quite satisfying and gives at least circumstantial pumping with broader spectral bandwidth arrays, the broader credence to the estimated values shown in parentheses in Table  absorption in BEL will become a positive factor affecting its II. The overall efficiency shown in Table HI is the product of performance. Hoveever. since BEL is a biaxial crystal, the abthe optical conversion efficiency and the diode efficiency. and sorption is highly polarization dependent. In the present expertherefore the calculated value will also be close to the measured iment we found that either array operating alone had approxiefficiency of Table I. mately the same threshold power even though their polarizations 3.3. Second-harmonic conversion were crossed. Under conditions other than the tight focusine end-pumped configuration, one would need to consider the orUsing an intracavity lens and a KTP crystal. we obtained several entation of the crystal axes relative to the polarization of the milliwatts of green light from both YAG and BEL. The conpump beam. version efficiencies were extremely low (on the order of 1t%)
The slope efficiencies for the laser output versus pump input owing to reflection losses b the lens coating and alignment can be calculated for the two hosts from the measured slope', of sensitivity of the resonator. Operation of the BEL. cavity with the curves in Fig. 6 . the stimulated emission cross sections. and polarization compensation did not result in improved perforthe fluorescence lifetimes. From Ref. 5 we can derive an expresmance. presumably because of the sensitivity of the output to sion for the ratio of the slopes for BEL and YAG. sured values for K and L and the stimulated emission cross B:3, 1175 (1986) . section for BEL, we observe that for the two slope efficiencies 10. P. F. Moulton. "An insestigation of the Co:MgF 2 laser system." IEEE 1.
Quantum Electron. QE-21. 1582 QE-21. (1985 .
to be equal. the stimulated emission cross section for YAG must In addition, for R near I. Eq. (10) reduces to Eq. (5). This leads to the conclusion that the slopes for the two hosts are equal because the efficiency factors shown in Table II cago. He has worked extensively in laser dethreshold power and the optimum output coupling but do not velopment over the past 15 years in both priaffect the differential slope efficiency. As was mentioned, bevate and federally funded laboratories. He has cause of the sharp dependence of the output power on mirror been working with diode-pumped solid-state reflectivity, the BEL resonator was more sensitive to intracavity -lasers since 1985. losses caused by additional elements needed for doubling, but -at higher pump powers this is anticipated to become less of a problem.
Joseph F. Myers, Jr., was born in Camden, In the present experiment, 700 mW of pump power provided N.J., in 1958. He received a 8S degree in 283 mW of laser power, leaving approximately 60% of the pump physics from Northern Arizona University, beam energy to go into thermal heating of the lattice and sponFlagstaff, in 1984. In January 1985 he started taneous emission losses. In considering the relative merits of work at the Naval Ocean Systems Center, modeling the propagation of VLF radio waves the two hosts it is important to recognize that a minimum of through the atmosphere. He then joined the 24% (corresponding to the quantum defect) and perhaps as much Electro-Optics Branch of NOSC and develas 39% (if the quantum efficiency also contributes) of the pump oped a Laser Diode Beam Characterization radiation is converted to heat, so athermal BEL might be the Facility. His current research interests include preferred choice at high pumip fluence. the modeling of the fundamental Gaussian With regard to improving the overall efficiency of either host, mode structure in standing wave and ring resonator cavities.
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